Abstract GB virus C/hepatitis G (GBV-C) is an RNA virus of the family Flaviviridae. Despite replicating with an RNA-dependent RNA polymerase, some previous estimates of rates of evolutionary change in GBV-C suggest that it fixes mutations at the anomalously low rate of *10 -7 nucleotide substitution per site, per year. However, these estimates were largely based on the assumption that GBV-C and its close relative GBV-A (New World monkey GB viruses) codiverged with their primate hosts over millions of years. Herein, we estimated the substitution rate of GBV-C using the largest set of dated GBV-C isolates compiled to date and a Bayesian coalescent approach that utilizes the year of sampling and so is independent of the assumption of codivergence. This revealed a rate of evolutionary change approximately four orders of magnitude higher than that estimated previously, in the range of 10 -2 to 10 -3 sub/site/ year, and hence in line with those previously determined for RNA viruses in general and the Flaviviridae in particular. In addition, we tested the assumption of host-virus codivergence in GBV-A by performing a reconciliation analysis of host and virus phylogenies. Strikingly, we found no statistical evidence for host-virus codivergence in GBV-A, indicating that substitution rates in the GB viruses should not be estimated from host divergence times.
Introduction
GB virus C (GBV-C), also known as hepatitis G virus (HGV), is a member of the family Flaviviridae, that was first identified in 1995 (Simons et al. 1995) . This singlestrand RNA virus comprises a positive-sense genome of a 9733 nucleotides arranged as a single open reading frame (Leary et al. 1996; Linnen et al. 1996) . GBV-C is particularly notable in that it establishes a persistent, asymptomatic infection within hosts and is widely distributed in the healthy human population. The prevalence of GBV-C ranges between 1% and 14% in healthy blood donors (Moaven et al. 1996; Nakai et al. 2001; Abe 2001) . GBV-C has also been isolated from chimpanzees (Adams et al. 1998; Birkenmeyer et al.1998) , and the related GBV-A and -B viruses from New World monkeys (Simons et al. 1995; Bukh and Apgar 1997) . Some phylogenetic studies suggest that these viruses have codiverged with their primate hosts over a period of several million years (Charrel et al. 1999; Simmonds 2001) . In particular, the phylogenetic relationships among a small sample of human GBV-C, chimpanzee GBV-C, and monkey GBV-A sequences matched those of their hosts (Charrel et al. 1999) , and the distribution of current human GBV-C genotypes was proposed as being consistent with patterns of ancient human migration (Katayama et al. 1997; Pavesi 2001) .
Initial estimates of the rate of evolutionary change (nucleotide substitution) of GBV-C were obtained by simply dividing the amount of divergence in sequences isolated from a single patient at different times by the sampling period (Nakao et al. 1997) . From this, estimates of 3.9 9 10 -4 nucleotide substitutions (subs) per site per year and 4.6 9 10 -4 sub/site/year were obtained for the envelope (E) gene and the entire genome, respectively (Nakao et al. 1997) . These are similar to those seen in a broad range of RNA viruses (Jenkins et al. 2002) . In a more comprehensive survey, Sarrazin et al (2000) analyzed intrahost variability in 42 GBV-C-infected patients sampled over 2 years and inferred a similar rate of *10 -3 sub/site/ year. In marked contrast, far lower evolutionary rates, always less than 10 -5 sub/site/year, were estimated in an analysis of two pairs of complete sequences isolated from single patients at different times (Suzuki et al. 1999) . This low rate is in general accordance with that estimated assuming codivergence between GBV-A/C and their primates hosts (*10 -7 sub/site/year [Hanada et al. 2004] ). If corroborated, this would make GBV-A/C the slowest evolving of all viruses that replicate using an RNAdependent RNA polymerase.
Several explanations have been put forward to reconcile the apparent conflict between high short-term rates and low long-term rates. For example, Charrel et al. (1999) suggested that this discrepancy could be due to differences in selection pressures within and between hosts; some mutations may be neutral within a host yet deleterious at transmission. Similarly, Simmonds and Smith (1999) proposed that among-site rate heterogeneity due to constraints imposed by RNA secondary may greatly affect rate estimates. In this scenario, unpaired nucleotide sites would evolve rapidly during short time periods, but over longer time periods, these sites would become saturated so that further changes would only occur at paired sites. Finally, it has been suggested that the anomalously low substitution rate in GBV-C may be because this virus is effectively latent, with very low rates of replication resulting in little mutation accumulation (Hanada et al. 2004) .
Critically, much of the evidence for the anomalously low rate of evolutionary change in GBV-A/C rests on assumption that these viruses codiverged with their primate hosts over millions of years (Hanada et al. 2004; Charrel et al. 1999) . Herein, we rigorously test this assumption for the first time. To estimate substitution rates with as much accuracy as possible we employed a Bayesian coalescent method that analyzes the distribution of mutational differences among viruses sampled at different times and that provides a natural measure of statistical uncertainty.
Methods

Sequence Data
All available GBV-C sequences were downloaded from GenBank. Where possible, we collected the sampling date (year) either from the GenBank record or following direct contact with the relevant authors. This resulted in four data sets: 5 0 -UTR (108 sequences, 223 nt; sampled between 1993 and 2002), envelope E1 (19 sequences, 297 nt; sampled between 1993 and 1997), envelope E2 (49 sequences, 1266 nt; sampled between 1996 and 1999), and NS5b (40 sequences, 354 nt; data sampled between 1993 and 1997) ( Table 1 ). All sequences were aligned using ClustalW (Thompson et al. 1994 ).
Analysis of Substitution Dynamics in GBV-C
Overall rates of evolutionary change, measured as the number of nucleotide substitutions per site, per year were estimated using the Bayesian Markov chain Monte Carlo (MCMC) method implemented in the BEAST package (version 1.4.6 [Drummond and Rambaut 2007] ). In all cases, we employed the most general GTR+I+C 4 model of nucleotide substitution, as this was the best-fit to all four data sets by MODELTEST (Posada and Crandall 1998) , and used a range of prior values for the substitution rate. We employed demographic models of (i) constant population size, (ii) exponential population growth, and (iii) logistic population growth, under both strict and relaxed (uncorrelated exponential and uncorrelated lognormal) molecular clocks. In all cases the convergence of parameters was assessed using TRACER (Drummond and Rambaut 2007) , with statistical uncertainty reflected in intervals of the 95% highest probability (HPD).
Analysis of Selection Pressures
To assess the selection pressures acting on these GBV-C sequence data (excluding the 5 0 -UTR, which does not encode amino acids), we estimated the overall ratio of nonsynonymous (d N )-to-synonymous substitutions (d S ) per site (d N /d S ratio). This was achieved using the maximum likelihood (ML)-based single likelihood ancestor counting (SLAC), fixed effects likelihood (FEL), internal branches fixed effects likelihood (IFEL), and random effects likelihood (REL) methods available at the online Datamonkey facility (http://www.datamonkey.org/; Kosakovsky Pond and Frost 2005) . In all cases we utilized the GTR substitution model and input neighbor-joining trees. Datamonkey was also used as a resource to test for recombination in GBV-C using the GARD (Genetic Algorithms for Recombination Detection) method.
Analysis of Codivergence
To determine whether GB viruses have codiverged with their hosts, we inferred a phylogeny of GBV-A sequences from New World monkeys utilizing 45 sequences of 206 nt from the 5 0 -UTR region (as this contained the widest species coverage). This phylogeny was inferred using the ML method available in PAUP* (Swofford et al. 2003) , again using GTR+I+C 4 model of nucleotide substitution as well as TBR branch-swapping. This data set includes GBV-A isolates from six species of New World monkey Saguinus mystax (SM), Saguinus labiatus (SL), Saguinus oedipus (SO), Saguinus nigricollis (SN), and Callithrix jacchus (CJ), with Aotus trivirgatus (AT) used as an outgroup (accession numbers given by Charrel et al. [1999] ). This virus tree was then compared with the host phylogeny using the previously reported phylogenetic relationships among the New World monkeys (Jacobs et al. 1995; Canavez et al. 1998 ) using the reconciled trees method implemented in the TREEMAP program (version 2; Charleston and Page 2002) . This method assumes, a priori, that host and parasite trees are congruent. If these trees are incongruent, various evolutionary events are then hypothesized (duplication, loss, and switching on parasite tree) creating the (optimal) cophylogenies necessary to make them congruent (Charleston 1998) . One thousand randomized parasite trees were then mapped onto the host tree and compared with the optimal cophylogenies. This allows a test of the significance of phylogenetic similarity and is given as a p-value that represents the mean percentage of times that random trees were recovered with the same or a greater number of codivergences as observed in the optimal co-phylogenies.
Results and Discussion
Rates of Evolutionary Change in GBV-C Our Bayesian coalescent analysis revealed that the mean rate of nucleotide substitution in GBV-C is in the range of 10 -2 to 10 -3 sub/site/year (Table 1 ) and hence equivalent to that expected for RNA viruses, including other members of the Flaviviridae (Jenkins et al. 2002; Hanada et al. 2004) . Notably, this rate estimate is four orders of magnitude higher than those based on the assumption of hostvirus codivergence, and in no case did the lowest 95% HPD value encompass a value of *10 -7 sub/site/year. The highest mean rate was observed in the E2 region, at 2.2 9 10 -2 sub/site/year, and the lowest in the 5 0 -UTR, at 4 9 10 -3 sub/site/year. The far lower substitution rates observed in some previous studies are therefore likely to reflect very small sample sizes. Further, there was little variation among parameter estimates under any demographic or clock model (Table 1) , or according to the prior distribution of the substitution rate (results available from the authors upon request), illustrating the robustness of these estimates. Such internal consistency also suggests that recombination, which has been reported in GBV-C (Worobey and Holmes 2001), has had little impact on these rate estimates. Indeed, we found no significant evidence of recombination in any of the four data sets under the GARD method. However, because of the short time span of sampling used, it is possible that these rates have to some extent been inflated by the inclusion of deleterious mutations yet to be removed by purifying selection, including synonymous sites involved in RNA secondary structure (Simmonds and Smith 1999) . Indeed, the lowest rates are observed in the data set (5 0 -UTR) that covers the longest sampling period.
Our analysis of selection pressures also revealed an extremely low rate of nonsynonymous-to-synonymous substitutions per site, with a mean d N /d S ratio of 0.04 across all coding regions (Table 1) . This is in agreement with previous observations of extremely conserved amino acid sequences in this virus (Seipp et al. 1996; Shao et al. 2000) . Further, although there are likely to be constraints against synonymous substitution in GBV-C (Simmonds and Smith 1999) , the low d N /d S values indicate that these constraints are still far weaker than those acting on amino acid sites. Also of note was that one codon, position 188 in E2, was found to be under positive selection in both the FEL and IFEL methods (p = 0.1). In addition, two other codons-positions 110 and 223 in E2-were found to be positively selected with IFEL (p = 0.1). Although the cause of this adaptive evolution is unclear, that the E2 region is a target for immune neutralization (Tacke et al. 1997) hints that these mutations may have been fixed because of their ability to confer immune escape. Whatever the cause, the occurrence of positive selection over this short sampling period is incompatible with the notion that GBV-C is a latent virus.
Analysis of GBV-A-Primate Codivergence
The topological differences between the virus and the host phylogenies are depicted in the tanglegram ( Fig. 1 ; the ML tree for GBV-C is available from the authors upon request). On these data, the null hypothesis of codivergence was rejected (p = 0.363) in 1000 randomized trees. Indeed, some clear mismatches between the virus and the host phylogenies were observed. First, the GBV-A sequences isolated from Saguinus (S.) labiatus (SL) and S. nigricollis (SN) are not monophyletic, with the two component lineages within each species (designated 'a' and 'b' in both cases) occupying disparate phylogenetic positions. Second, although in the host phylogeny S. labiatus is most closely related to S. oedipus, GBV-A sequences from S. labiatus are more closely related to S. mystax than to S. oedipus. Notably, S. labiatus and S. mystax are sympatric (they both inhabit the Amazonian region of Brazil, Bolivia, and Peru) but are allopatric with respect to S. oedipus, which is found in northern Columbia (Hershkovitz 1977) . Such geographical overlap clearly makes host-jumping of GBV-A between S. labiatus and S. mystax a plausible scenario. Further, while previous studies supported codivergence in GBV-A/C, they utilized a far smaller sample of taxa. For example, the study by Charrel et al. (1999) used only three GBV-A (from S. midas, Callitrix jacchus, and Aotus azarai) and two GBV-C (from human and chimpanzee), such that congruence could easily arise by chance alone.
More generally, a match between the host and the parasite phylogenies does not, in itself, prove long-term codivergence. Such matching could also be obtained by host-jumping if the probabilities of such events are higher Fig. 1 Tanglegram of phylogenies of GBV-A virus (right) with the New World monkeys species from which they were isolated (left). Monkey species: SM, Saguinus mystax; SL, Saguinus labiatus; SO, Saguinus oedipus; SN, Saguinus nigricollis; CJ, Callithrix jacchus; AT, Aotus trivirgatus. In the case of SL and SN two phylogenetically distinct lineages were observed in each species data set, denoted 'a' and 'b,' respectively J Mol Evol (2008) 66:292-297 295 among more closely related hosts, which may represent an important generality in the biology of cross-species transmission (Kuiken et al. 2006) , or occurs more frequently among those species that inhabit overlapping (sympatric) geographical distributions. Indeed, successful host-jumping of viruses has been previously documented among primates (Charleston and Robertson 2002) including the simian immunodeficiency viruses (SIVs) (Wertheim and Worobey 2007) . Our observation of phylogenetic incongruence in GBV-A indicates that rates of nucleotide substitution in the GB viruses should not be estimated utilizing the divergence times of their primate hosts.
